The Organic Permeable Base Transistor (OPBT) is currently the fastest organic transistor with a transition frequency of 40 MHz. It relies on a thin aluminum base electrode to control the transistor current. This electrode is surrounded by a native oxide layer for passivation, currently created by oxidation in air. However, this process is not reliable and leads to large performance variations between samples, slow production and relatively high leakage currents. Here, we demonstrate for the first time that electrochemical anodization can be conveniently employed for the fabrication of high performance OPBTs with vastly reduced leakage currents and more controlled process parameters. Very large transmission factors of 99.9996% are achieved, while excellent on/off ratios of 5x10 5 and high oncurrents greater than 300 mA/cm² show that the C 60 semiconductor layer can withstand the electrochemical anodization. These results make anodization an intriguing option for innovative organic transistor design.
Introduction
The performance and processability of organic thin-film transistors (OTFTs) have been considerably improved in recent years. Nowadays, OTFTs are readily employed on flexible substrates, and operate in the MHz regime. [1] [2] [3] [4] [5] [6] In particular, the transition frequency f t is an important figure of merit for the transistor performance because it weights the transconductance over the device capacitance and hence is a measure for the effectiveness of conductance per area. The present record for f t of organic transistors is 40 MHz, enabled by a vertical transistor concept -the Organic Permeable Base Transistor (OPBT). [7] [8] [9] Its vertical conductive channel facilitates the transistor to carry on-current densities as high as 1 kA/cm². [8] Furthermore, utilizing the full overlap area of the electrodes simultaneously results in a minimal parasitic capacitance and ultimately into record-high f t . [7] Hence, the OPBT is a promising device concept that bears the potential for further device-and process-innovation in order to realize even better organic transistors in the future. The OPBT is built up in a vertical stack with C 60 as semiconductor material, sandwiched between two electrodes (denoted as emitter and collector) and separated in the middle by a thin metal electrode, called the base electrode (cf. Figure 1 ). The 15 nm thin base electrode allows electrons to pass through nanometer-sized pinholes while the device is in its on-state, and blocks electrons in its off-state. [10] The thin base electrode layer, generally made of vacuum-deposited aluminum, grows in grains on the organic material. [11] Pinholes at grain-boundaries of the metal film facilitate charge carrier transport across the electrode. The transmission of electrons is modulated effectively by an electrical potential applied between emitter and base V BE , resulting in a high on/off-ratio of the transistor. An aluminumoxide layer around the base electrode metal is vital to suppress leakage current I B into the base electrode and to enable a high transmission factor , being the ratio of transmitted current I T ≈ I Collector ≡ I C to the total emitter current I E . [12] According to Equation ( 
In state-of-the-art OPBTs, the oxide layer is formed by a brief exposure of the device to ambient air during the deposition process. [9, [13] [14] [15] [16] This procedure has been demonstrated to result in transmission factors of α = 99.00%, [17] meaning that I B is only two orders of magnitude lower than I C which is unacceptable for circuits with low static power consumption. [18] However, the same procedure has been employed to demonstrate hero devices with = 99.99%. [9] Hence, despite its appealing simplicity, this fabrication procedure has strong limitations concerning leakage currents and device reproducibility which ultimately prevent OPBTs from being used in complex electronic circuits. In this work, we show a substantial improvement of the passivating oxide film of the base electrode by wet electrochemical anodization. We control the electrochemical growth of the oxide and tune the dielectric properties of the ultra-thin base electrode. As a result, a tremendous reduction in base-leakage current is achieved. While other groups have successfully used anodization to improve the performance of lateral C 60 based thin-film transistors, [19, 20] they have not exposed the semiconductor itself to the electrochemical process. We show for the first time that it is possible to use such a process on C 60 while preserving the device function and a high current density. Overall, the formation of tight and robust oxide films by electrochemical oxidation renders the possibility to fabricate highperforming OPBTs with ultra-low leakage currents with a defined and reliable process. Figure 1 shows an idealized device structure of a vertical OPBT with an anodized permeable base electrode. The formation of the anodized base oxide layer depicted in the schematic image is precisely controlled by the anodization parameters. In order to form this thin AlOx layer, the halffabricated OPBT (the bottom (collector) electrode, the bottom C 60 layer, and the base electrode) is potentiostatically anodized in citric acid electrolyte as documented in Figure S1 and described in the Experimental Section. The anodization occurs at the interface between elementary aluminum and the electrolyte, thereby passivating the full Al surface with a nonporous barriertype aluminum oxide. [21] Directly after anodization, the optical appearance of the anodized device has changed due to the formation of the transparent AlOx layer, and the coloring of the structure provides a good indicator for the film thickness (cf. Figure S1 d ). The impact of anodizing conditions on device characteristics of OPBTs with electrochemically oxidized base electrodes is investigated (Figure 2) . Quite impressively, the device structure, including the organic semiconductor material, is not severely damaged during the wet anodization process. All devices show a reliable transistor behavior with on-currents greater than 300 mA/cm² at a driving voltage of 1 V, which are comparable to OPBTs fabricated by dry oxidation. [17] In the transfer curves of the transistors, the on-currents and the leakage currents (base currents) decrease with increasing anodizing potential (Figure 2a ). For anodizing potentials of 2 V and 4 V, the base leakage current of OPBTs remains on the lowest level within the measurement limit for large parts of the transfer curve. The device with an anodization voltage of 2 V shows a transmission factor of 99.9996% at equal collector-emitter and base-emitter voltages of 1 V, corresponding to a current gain of 2.5•10 5 . The base leakage current (10 -10 A) is decreased by about 4 orders of magnitude compared to a naturally oxidized base in previous reports, [9, 17] with the leakage current being suppressed below the measurement limit for an anodization voltage of 4 V. With the base current being that low and decoupled from the collector and emitter currents, the OPBT can now be regarded as a field effect-transistor, as already proposed by simulations. [10] Although, the transmission is increased due to the anodization, the on-current of the transistor is reduced for higher anodizing voltage. This effect probably originates from a lower electric base-emitter field across the oxide in combination with a reduced number of pinholes (discussed later in the manuscript). With increasing anodizing voltage and hence oxide layer thickness, the capacitance of the base oxide is reduced. Figure 2b shows a decrease in capacitance (solid line) between base and emitter C BE with higher anodizing potential. Due to the scattering of data (caused by variation in the electrode overlap, cf. Figure S1d ), the thickness of the AlOx layer cannot reliable be deduced from the capacitance value in the accumulation regime (positive base-emitter voltage). However, the phase of the impedance signal (dotted lines) at a constant frequency of 1 kHz remains close to -90° (ideal capacitor) for anodizing potentials of 2 V and 4 V, which proves the excellent blocking of the base leakage current by the tight AlOx film formed by wet anodization. The sample anodized at 2 V shows an increase in leakage current starting at a base-emitter voltage of 1.2 V (Fig. 2a) . Simulations reveal that this happens exactly when charge carrier accumulation starts at the bottom of the base layer. [10] Hence, it can be concluded that the anodization at 2 V creates a very dense oxide layer on top of the base layer that successfully blocks all leakage current.
Results and Discussion
Overall, the electrochemically oxidized OPBTs show on-state current densities comparable to state-of-the-art OPBTs fabricated by dry oxidization, however, their leakage current is significantly reduced. Most remarkably, this has been achieved with a wet chemical oxidation process atop of an air-sensitive organic semiconductor material which to the best of our knowledge is presented for the first time in this manuscript. In order to get experimental access to the thickness of the AlO x layer, we analyze element distributions obtained by spectrum imaging based on EDXS analysis in STEM mode from cross-sectional TEM lamellae prepared from different representative devices. Figure 3 shows cross-section of a OPBTs with dry oxidation and with anodization at 2 V and at 4 V. The measured oxide thickness increases with the anodizing potential from 5 nm (no anodization, only oxidation in ambient), to 6 nm (2 V anodization) and 10 nm at 4 V anodization, which proves that the thickness of the oxide film can be controlled precisely by the anodizing voltage. Using the previously published OPBT layer structure with a 15 nm thin base electrode, [22] an anodizing voltage of 4 V would correspond to a residual thickness of the Al electrode of only 5 nm, which might lead to a severe and undesired drop of its conductivity. For this reason, we evaluate the anodization technique for devices with thicker base layers ( Figure S2 ). While devices with ambient oxidation barely shows any noticeable transmission with a 50 nm thick Al base electrode, anodized samples clearly work as transistors with this thick Al layer, which means that pinholes through the base layer are present and we suspect the pinholes to be created by strain induced by the anodization process. This difference in the behavior between OPBTs fabricated by anodization and dry oxidation suggests that the microstructure of the base electrode is different for both methods. Hence, in the following, we discuss the microstructure in more detail. The surface morphology of AlO x layers from different oxidation processes is investigated by SEM, as can be seen in Figure S3 , comparing ambient oxidation and anodization at 2 V and 4 V. The contrast between grains is relatively high with dry oxidation and low with anodization voltage. Because O 2 molecules in ambient air thermally diffuse to Al grain boundaries, the AlOx grows irregularly with dry oxidation. [23] However, OH -ions in the anodizing electrolyte drift to the Al surface driven by a static potential which is uniform on the surface. Thus, AlOx grows evenly on the surface with anodization. Therefore, the surface of pinholes, which are mainly located at grain boundaries, is also evenly oxidized during anodization. Another difference in the surface properties which can be seen in Figure S3 , is that the Al grains tend to become larger with anodization while the density and size of the pinholes is reduced. This observation is consistent with the finding that the collector current is reduced with increasing anodization potential (cf. Figure 2) . We speculate that differences in the magnitude and distribution of strain in the base layer during the oxidation step (anodization vs. ambient oxidation) gives rise to the lower pinhole density for anodized samples. A final aspect about the anodization that should be discussed is the conformity of the anodized film. The AlO x layer is formed not only at the top surface but also at the surrounding surface and inside the nanometer-sized pinholes of the Al base electrode, passivating the entire metal film against current leakage from or into the semiconductor. However, even if the crosssectional TEM suggests within its resolution limit an equal thickness of the oxide at the bottom and top surface of the base electrode (cf. Figure 3) , it is a priori not clear to be an inherent property of the anodization process. In order to investigate this aspect more thoroughly, we analyze the capacitance between base and collector (C BC ) as a measure of the AlO x thickness underneath the base. The values for C BC increase with the thickness of the Al base layer (cf. Figure S2 a, for negative voltage), which means in turn that the thickness of the anodized AlO x layer underneath the base electrode decreases with a thicker base electrode. This is because the infiltration of the electrolyte through the nanometer-sized pinholes of the base electrode is stochastically blocked with increasing thickness of the base electrode. C BC of AlO x underneath a 15 nm Al base is doubled compared to a 50 nm thick Al base with an identical anodizing potential of 1 V, while the capacitance between emitter and base (C EB ) is independent of the thickness of the base electrode (Figure S2 b) . The bottom side of the base layer facing the collector is less exposed to the anodization, because it is passivated by the bottom C 60 layer. Moreover, although the anodization enhances the oxide layer thickness also on the bottom side of the base layer, the lowered phase of the impedance data for the collector-base capacitor clearly shows that the oxidation is less perfect, because the electrolyte may not reach every part of the metal-C 60 interface.
Conclusion
In conclusion, vertical OPBTs with a large on/off ratio (> 10 5 ), large oncurrent-density (> 300 mA/cm²), and record transmission factors of 99.9996% are demonstrated by employing a wet electrochemically oxidized permeable base electrode. The Al base electrode located in the middle of the vertical OPBT device is exposed to an electrolyte and anodized to form an AlO x surface around the base layer and inside the nanometer-sized pinholes. In contrast to naturally oxidized AlO x layers, the dielectric properties of anodized AlO x layers underneath and at the top surface of the base electrode are controlled by anodizing conditions and the thickness of the Al base electrode. Our results show that anodization is a viable method to create an excellent and well defined dielectric oxide for OPBTs and that organic semiconductors can withstand this process. This work sets the grounds for the reliable fabrication of high-performance OPBTs. The improved degree of fabrication reliability together with the low static power loss / low base leakage current might enable the integration of OPBTs in complex electronic circuits in the future. Moreover, the method proposed here allows for controlling the device capacitance and employing thicker base metal films resulting in a lower electrode resistance. Both aspect are of utmost importance for the development of even faster organic transistors.
Experimental Section
For anodization, half-devices are prepared by vacuum evaporation on a thoroughly cleaned glass substrate. A thin chromium film (3 nm) improves adhesion of the gold electrode (50 nm), upon which a C 60 layer (50 nm) and the base aluminum (varying thickness) are evaporated under ultra-highvacuum conditions through a set of shadow masks. Then the sample is removed from the vacuum chamber and stored in inert N 2 atmosphere, except for a duration of about 1 hour when the anodization is performed. In order to improve the interfacial adhesion between the semiconductor layer and the base electrode we employ a heating step prior to the anodization.
The half-fabricated OPBT samples without upper semiconductor layer and emitter electrode are preheated at 150°C for 1 hour before anodizing the base electrode in order improve the contact area and interfacial adhesion of C 60 and base. As a result, C BC of OPBTs with preheating shows larger charge accumulation and phase shift compared to without preheating and the on/off ratio and base leakage are significantly improved ( Figure S4) . Prior to the anodization, a nail protection polymeric coating is employed outside of the active device area ( Figure S1a ) in order to avoid damage to the electrodes from potential peaks at the water level. Anodization is done in a solution of 1 mM/L citric acid (2-hydroxypropane-1,2,3-tricarboxylic acid) in deionized water. Voltages (1 V to 4 V) are applied with respect to an aluminum counter-electrode using a Keithley 2400 Source Measure Unit (SMU), as shown in Figure S1 b. The anodization current is shown in Figure S1 c. The current is applied until a stable plateau is reached after 15 to 60 seconds. The effect of the anodization can be seen by naked eye in a color change of the thin Al metal film ( Figure S1 d) . After anodization, the samples are left to dry in medium vacuum conditions for 30 minutes and then exposed to heat-treatment on a hotplate in N 2 atmosphere. Thereupon, the samples are returned to the vacuum deposition chamber (< 10 -6 mbar), where the remaining layers are evaporated. On top of the base, a second C 60 film is evaporated with a larger thickness of 100 nm. A layer of highly efficient n-dopant W 2 (hpp) 4 (20 nm, 1 wt.% in C 60 ) is used for improved electron injection. [24, 25] A layer of SiO (100 nm) is structured by shadow masks to limit the contact area of the top electrode (Al, 100 nm) to the doped semiconductor to 250 µm x 250 µm, thereby defining the active area. Pinholes in the aluminum base layer form natively. [22] After fabrication in the vacuum chamber, the samples are encapsulated under N 2 atmosphere (< 1 ppm O 2 and H 2 O) with cavity glasses and epoxy glue. The thickness of the base oxide layer depends on the anodization condition. A thicker oxide layer reduces the amount of elemental aluminum remaining in the layer. To characterize the microstructure and chemical composition of the OPBTs, cross-sectional transmission electron microscopy (TEM) analysis is performed. For that purpose electron transparent specimens are prepared by in-situ lift-out using a NEON40 focused ion beam (FIB) device (Carl Zeiss Microscopy GmbH, Germany). Transmission electron microscopy measurements are carried out with a Libra200 (Carl Zeiss Microscopy GmbH, Germany) operated at an acceleration voltage of 200 kV. High-angle annular darkfield scanning transmission electron microscopy and spectrum imaging based on energy dispersive X-ray spectroscopy (HAADF-STEM and EDXS) are conducted with a Talos Figure S5 Applied voltages and electron flow illustrated on a cross-sectional transmission electron microscope (TEM) image of an anodized OPBT. A large current is injected from the emitter electrode and transported through the vertical device by the bulk C 60 . In contrast to a field-effect transistor, where a thin conductive channel is formed, the entire electrode area of the OPBT is used for injection. Most of the current is transferred to the collector electrode (described by the transmission factor α), while some fraction is lost into the base electrode as leakage current. The SiO insulator layer visible in this cross-sectional image is not present in the active area of the transistor. It is applied to insulate the emitter electrode outside of the active area.
